We introduce a microwave submillimeter-wave detector based on an integrated micromesh absorber and superconducting kinetic inductance thermometer on a through-wafer released sub-micron thick membrane. Equilibrium operation achieved by thermal isolation through the membrane geometry enables operation at elevated thermal bath temperatures of 5-10 K. The bolometer operates in a phonon-noise limited regime with a measured noise equivalent temperature difference of below 10 mK at 1 s integration time, which is sufficient for radiometric imaging in terrestrial systems. We also measured and analyzed the bolometer frequency response in the band 0.1-1.4 THz. Performance improvements through further dimensional scale-down and temperature dependency are discussed.
THz imaging. Requirements for THz detectors and THz imaging systems
Radiometric imaging in the submillimeter-wave (THz) range allows for safe stand-off personnel security screening due to relatively good penetration of submillimeter waves through many dielectric materials [1] . The phenomenology of passive imaging is potentially less privacy intrusive compared, for example, with active imaging. This has triggered rapid developments of passive THz imaging systems and THz detectors with high resolution. Due to the low power levels of THz thermal signals governed by the Planck blackbody radiation law and a weak radiometric contrast between the objects and the human body (∼10 K), passive submillimeter-wave imagers with radiometric resolution NETD = 0.1-0.5 K at video rate are required [2] . Such performance can be achieved with either broadband 3 Current address: Asqella Ltd, Kutomotie 18, 00380 Helsinki, Finland. superconducting, coherent heterodyne or direct preamplified THz detectors [1] . Most terrestrial applications would also benefit from near-diffraction limited angular resolution over a large field of view with tens of thousands of image pixels. This has until now been limited by the scalability of the focal plane detector technology. Recently developed prototypes of cryogenic THz imagers [3] [4] [5] utilize arrays of detectors in combination with scanning optics, compromising the need for a large number of pixels by optomechanical scanning. Scanning reduces the dynamic range of the image, increases the complexity, and reduces the reliability of the system. Therefore a passive THz imager would greatly benefit from a full 2D focal plane array (FPA). Multiplexed readout of such a 2D FPA is unavoidable, especially for cryogenic THz imagers. SQUID-based multiplexing of cryogenic detectors [6] is one solution, but it is somewhat complex manufacturing-wise and subject to electromagnetic interference in practice. Here we present microwave kinetic inductance bolometers operating at 4-10 K, meeting both sensitivity and scalability requirements for a superconducting submillimeter focal plane array. The concept and the first versions of superconducting kinetic inductance bolometers were proposed and realized [7] about two decades ago, and it has been also recently suggested [8] to revise this concept by using superconducting microwave resonators as they can be straightforwardly scaled up into frequency-multiplexed arrays. Here we present both a theoretical overview of the kinetic inductance bolometers and an experimental characterization of these devices, in line with the theory.
THz kinetic inductance bolometer. Theory overview
Our kinetic inductance bolometer ( figure 1(a) ) represents a superconducting NbN microresonator with a temperature T dependent inductive part L(T) thermally coupled to a TiW grid absorber of THz radiation. The inductance has a long meander shape, and both meander and absorber films (each 100 nm thick), being separated by a 200 nm thick SiO 2 insulating film, are thermally isolated on a 200 nm thick SiN membrane mesh of about 1 mm 2 in area. The inductive meander is connected in parallel to a shunt capacitor C, forming a lumped superconducting LC-resonator with temperature-dependent resonant frequency ω 0 (T) = 1/ √ L(T)C and impedance Z(ω 0 (T)). The resonator is further connected to a superconducting transmission line of impedance Z 0 = 50 through a series coupling capacitor C c for microwave transmission S 21 (ω) = (Z − i/ωC c )/(Z − i/ωC c + Z 0 /2) readout, in the spirit of sub-Kelvin kinetic inductance detectors [9] [10] [11] . The minimum of S 21 occurs
In a thin superconducting film with a high normal-state resistivity, such as NbN in our case, kinetic inductance L k (T), being the measure of total inertia of charge carriers-Cooper pairs in a superconductor, can strongly dominate over the geometrical inductance L g . At low frequencies ω 0 τ −1 qp , where τ −1 qp is the rate of quasiparticle thermalization with a superconductor lattice, the total inductance L(T) of the superconducting meander of length , width w and thickness t can be expressed as
Here T c is superconducting transition temperature, L k0 = µ 0 λ 2 0 /(wt), ( w t), and the zero-temperature magnetic penetration depth in the impure limit λ 0 = √h ρ/(µ 0 π 0 ) is determined by the density of paired electrons n s (T) = n s0 at T = 0 through the normal-state resistivity ρ = m/(n s0 e 2 τ e ) (e is electron charge, m e is the electron mass, µ 0 is the vacuum permeability, τ e is the characteristic time of the electron mean free path, 0 is the zero-temperature superconducting gap). Here n s (T) is assumed to obey the power law
] [12] with the total density of conduction electrons n = n s + n qp , including the density of quasiparticle thermal excitations n qp . The intrinsic Q-factor of a superconducting resonator Q i = n s n qp (ω 0 τ qp ) −1 depends on temperature as
The intrinsic thermal time constant of the bolometer τ th = C th /G is set by the membrane heat capacity C th and the thermal conductance G of suspensions between the membrane and the substrate. Assuming for simplicity that only one component of the readout signal v out is observed, the bolometer responsivity R to the incident radiation power P rad is defined as R I = η −1 d(Re(v out ))/dP rad and R Q = η −1 d(Im(v out ))/dP rad for in-phase (I-) and quadrature (Q-) components, where η is the quantum efficiency. The output voltage reads v out = S 21 √ P rf Z 0 (see appendix A) with the aid of equations (9)- (11) determining the resonator dynamics by the nonlinearity parameter α ∝ P rf ∂ T L. In the linear regime α 1, R can be increased by driving the resonator with a higher carrier microwave power P rf . With a further increase of P rf , α also increases, eventually breaking the assumptions of linear operation. In the nonlinear regime the thermal speed and the dynamic range can be traded off with the responsivity (equation (7)) as quantified by the thermal feedback loop gain β = G −1 ∂ T P m (equation (12)). Here, the experiments are carried out in the linear regime, whence the responsivity
The electrical noise equivalent power of the bolometer reads
with the phonon NEP ph = 4k B T 2 G (assuming no thermal gradient across the membrane suspension legs [13] ) and the quasiparticle generation-recombination NEP gr = (GT/a) τ qp /(Vn)(T/T c ) −a/2 (equation (21)) noise equivalent powers. The last term in (3) represents the Johnson noise of the resistive elements, the detector dissipation and the feeding line, and the noise of the readout setup represented by noise temperature T n referred to the impedance Z =
The prefactor 2 in front of R 2 is due to the single quadrature case. As in thermal equilibrium the generation-recombination noise NEP gr ∝ G , V-superconductor volume), the bolometer operates in the phonon-noise limit provided R is made large enough.
Measurements

Temperature dependence of kinetic inductance and quality factor
The superconductor material parameters were determined by measuring the transmission spectra S 21 from 0.2 to 6.2 K with a low carrier power P rf . The data was fitted to equations (9) and (10) with α = 0 to obtain Q i and ω 0 . Nominal capacitances C = 96 pF and C c = 2.1 pF were assumed. The geometric inductance L g = 3.0 nH of the meander with = 4.2 mm, w = 5 µm and t = 100 nm was determined by field simulation software. The low-temperature limit of kinetic inductance L k0 was found to be 7.8 nH, corresponding to λ 0 ≈ 860 nm. Resulting L(T) and Q i (T) data are shown in figure 2 along with the fits to equations (1) and (2), yielding a = 2.5 and τ qp = 1.5 ps. It was found, however, that the functional form of (2) was not valid at the lowest temperatures, whence a component of excess loss, empirically found inversely proportional to temperature, Q x = ξ/T was adopted, resulting in ξ = 10 300 K. For the equilibrium regime of interest T 0.8T c the model (2) is sufficient.
Thermal conductance measurements
In the measurements presented below a similar bolometer device was tested, with slightly higher T c and larger shunt capacitance C = 105.2 pF. The thermal conductance G was determined by applying DC power P to the resistive grid absorber. The resonant frequency f 0 = ω 0 /2π was measured from S 21 (f ), firstly as function of bath temperature ( figure 3(b) ) and secondly as function of DC power dissipated in the absorber on the membrane ( figure 3(a) ). The linear fits result in df 0 /dT = −224 MHz K −1 and df 0 /dP = −1.23 × 10 16 Hz W −1 , yielding a thermal conductance G = (df 0 /dT)/(df 0 /dP) = 18.2 nW K −1 at 5.8 K. The thermal conductance contribution of NbN superconducting connections of the meander and the absorber is negligibly small. 
Thermal time constant measurements
To determine the thermal cut off τ th , the absorber was electrically excited at low frequencies f ext , thus producing membrane temperature oscillations for the superconducting inductor at frequencies f = 2f ext . The resonator was driven at the frequency operating point ω = 1/ √ L(C + C c ) determined as the minimum of S 21 (ω). The mixed-down IF signal v 2 out (f ) of the thermally excited resonator was recorded with a spectrum analyzer as a function of f . The result is plotted in figure 3 (c) along with a Lorentzian fit v 2 out ∝ [1 + (2πf τ th ) 2 ] −1 , yielding thermal time constant τ th = 6.4 ms with a 3 dB cut off at 25 Hz.
The thermal isolation of the membrane is formed by 2.1 sheet squares of a bilayer film consisting of 200 nm thick amorphous SiN x and SiO 2 , yielding a bilayer effective thermal conductivity κ ≈ 0.10 W m −1 K −1 , very close to literature values for both materials at our experimental temperature [14] . The membrane heat capacity yields C th = Gτ th ≈ 120 pJ K −1 . The membrane mass, estimated from its dimensions (560 × 560 µm 2 ), the bilayer component thicknesses and material densities (2600 kg m −3 for SiO 2 and 3200 kg m −3 for Si 3 N 4 ), is about 0.36 × 10 −9 kg. This yields an effective specific heat capacity of the bilayer c p = 0.33 J kg −1 K −1 . Reference [14] gives c p /T 3 ≈ 10 −3 J kg −1 K −4 in the temperature range of interest for both materials, yielding c p ≈ 0.20 J kg −1 K −1 at 5.8 K, again in line with the experimental data.
Electrical NEP measurements
Measured output noise spectra referred to the amplifier input are shown in figure 3(d) . The microwave frequency operating point is chosen at the point of minimum transmission and the spectra with maximal and minimal spectral densities obtained by rotating the reference phase are plotted. In accordance with the theory, the phase component (red line) maximizing the voltage spectral density is assumed to be the Q-component, while the 90 • offset minimum (black line) is assumed to be the I-component. In addition to noise, thermal interference spikes at multiples of 1.4 Hz emerge from bath temperature oscillations due to pulse tube circulation. The noise levels are as expected, since the frequency operating point at the transmission minimum has a vanishing I-responsivity while the Q-responsivity R Q is maximized. Q-quadrature noise is also somewhat elevated above the thermal cut off, which is likely due to a phase jitter of the local oscillator with respect to the carrier signal. In figure 3 To determine R Q the device parameters were fitted from the transmission curve as L = 23.5 nH and Q i = 420, with nominal capacitances C = 105.2 pF and C c = 2.1 pF (inset of figure 3(b) ). ∂ Im(v out )/∂f was calculated from equation (14) with P rf = 7.9 pW. R Q results by multiplying this with df /dP obtained from the data of figure 3(a) as 3.45 × 10 5 V W −1 . This yields NEP ≈ (3.5 ± 2.0) fW Hz −1/2 . The dominant uncertainty stems from the calibration of P rf and the amplification chain (including preamplifier gain, mixer insertion loss and cable attenuation).
The measured NEP is in line with the theoretical phonon limited NEP ph = 5.8 fW Hz −1/2 value determined from NEP ph = 4k B T 2 G with the measured G = 18.2 nW K −1 at 5.8 K. Thus we can conclude that the bolometer and the readout system are phonon-noise limited. Estimated generation-recombination noise NEP gr (τ qp < 1 ns) < 10 −18 W Hz −1/2 and Johnson noise NEP Johnson ∼ 10 −17 W Hz −1/2 are negligibly small. It can also be noted that the readout criterion set by the experimental NEP corresponds to about T n ≈ 4000 K, whence the bolometer can be easily read out by a room-temperature low-noise microwave amplifier.
NETD and THz response measurements
For radiometric and THz response measurements we used an HDPE vacuum window and infrared blocking filters together with Zitex [15] filters installed at 50 and 4 K stages of the cryocooler. A bolometer with a single polarization of the resistive meander absorber on the membrane was tested. The effective optical absorber impedance Z abs = 130 ≈ 0.35 ×377 is estimated from the geometrical filling factor of 0.04. NETD measurements (figure 4(b)) were performed by detecting an optomechanically chopped signal (at about 30 Hz) emitted from an aqueous broadband blackbody calibrator [16] placed right in front of the cryostat window. The reference blackbody of the chopper was Eccosorb AN-72 microwave absorbing material [17] attached to the chopper copper blades, whose radiometric temperature of 20 • C is estimated from data in figure 4 (b) at SNR = 0. A linear fit to the measured data ( figure 4(b) ) yields NETD = (6.3 ± 2) mK at 1 Hz, with standard deviation error of 2 mK from linear regression.
The THz spectral response η(ν) was determined by illuminating the bolometer with circular-polarized THz waves using a photomixer which was tuned from 200 to 1400 GHz, and the amplitude was modulated at 30 Hz, whilst recording the bolometer IF signal at the modulation frequency. The data was further normalized to that of a Golay cell ( figure 4(c) ) in order to calibrate for the frequency-dependent output power of the photomixer. Atmospheric water vapor absorption dips are clearly pronounced in the data at 542, 742 and 1090 GHz. A ν ≈ 310 GHz periodic detector response can be attributed to a 3λ/4 = 480 µm resonant optical cavity, in qualitative agreement with a simple model of free-space impedance matching of the absorber shunted with a cavity of a 3λ/4 length. Deduced from the equation NEP = 2ηk B NETD ν the average quantum efficiency yieldsη ≈ 0.11 for NEP = 5.8 fW Hz −1/2 . This is in agreement with the average over 312-623 GHz bandη = 0.111 from the impedance matching model. The η(ν) data presented in figure 4(c) is normalized so that its average over 312-623 GHz is 0.111. Thus, for a dual polarization absorber with Z abs ≈ 377 , a quantum efficiency close to 1 is expected. The cavity length found of 480 µm as compared to its nominal value 450 µm (wafer thickness) indicates about 6% inaccuracy in THz beam-to-bolometer alignment.
Summary
We note that NEP (NETD) can be further improved by reducing G-by narrowing the suspensions and reducing the membrane thickness, as free-standing membranes down to 10 nm thickness have been demonstrated [18, 19] . Also, a factor of about five improvement in NETD can be achieved simply by improving the optical matching of the absorber. Substantial improvement can be achieved by operating at lower temperatures (yet still above 1 K, with lower T c superconductors) as NEP ph improves as ∝ T 2-2.5 depending on phonon heat transport mechanisms in low-dimensional bridges at low temperatures (G ∝ T 2 for 2D or G ∝ T 3 for 3D) [20] . The imaging speed is maintained or increased as C th is approximately proportional to T 3 at low temperatures. Therefore, it appears possible to develop radiation detectors approaching the needs, for example, of astronomical imaging targeting cold objects of the Universe [21, 22] , avoiding the usage of deep-cryogenic coolers.
In summary, we have demonstrated superconducting microwave kinetic inductance bolometers suitable for videorate passive submillimeter imaging, for example, in security screening applications. The detectors are naturally adapted for frequency division multiplexing, making them attractive candidates for large focal plane imaging arrays. At the same time cryogenic requirements are modest, with an approximately 6 K operating temperature, and alleviated readout criteria enabling room-temperature electronics.
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Appendix A. The responsivity
The time-dependent bolometer temperature T(t) follows a differential equation including thermal feedback:
where C th is the heat capacity, P rad is the absorbed radiation power, P m is the share of carrier power absorbed on the membrane, G is the thermal conductivity, and T b is the cryostat base temperature. For a steady-state temperature T s with P rad (t) P m (T s ), and hence ∂ t T = 0, we get
Thus we can rewrite
where we have additionally linearized P m around T s by setting P m (T(t)) − P m (T s ) ≈ ∂ T P m (T(t) − T s ). This is readily converted into the frequency plane as
where T is the variation of temperature around the steady-state value T s , as driven by the radiation signal P rad , τ th = C th /G is the thermal cut off of the membrane and β = G −1 ∂ T P m describes thermal feedback in dissipative quadrature. The absorbed rf-carrier power is expressed as
in which P rf is the total carrier power, Z 0 is the transmission line impedance, Q, Q i and Q e are correspondingly the total, intrinsic, and coupling quality factors, and δ is an offset frequency from S 21 minimum (expressed in linewidths):
It is to be noted that δ defines a frequency coordinate system that retains the linear properties of the resonator in the steady-state temperature T s , whence it is also function of the total carrier power P rf . The physical signal carrier frequency is ω rf , and the resonant frequency ω 0 is evaluated at the bath temperature T b . Thermal feedback is manifested as nonlinearity generated by α, where α < 0.8 is the prerequisite for avoiding the onset of bifurcation due to the thermal feedback [23] . Parameter β depends on α as
The inequality defines the limits of β. We assume that the preamplifier is matched to Z 0 . We also assume that the intrinsic resonator dissipation is located 'on-membrane', which is likely the case of superconductor losses dominating the dissipation. Bolometer output voltage measured across the input of the preamplifier is
The responsivities can now be calculated from equation (14) with the aid of equation (9) . For example, if we choose to observe Q-quadrature (frequency quadrature) of v out , R Q = d Im(v out )/dP rad = (d Im(v out )/dT)(dT/dP rad ). In the main text we have evaluated the responsivities by iteratively searching for the steady-state membrane temperatures. Typically the detectors are operated with negligible or near-negligible thermal feedback. It can be shown that the Q-quadrature responsivity at the S 21 minimum (δ = 0 in equation (10)) can in this case be expressed as
Looking at equation (10) , this corresponds to selecting the carrier frequency from equation
The extrinsic Q e is typically set comparable to Q i by choosing an appropriate value for the coupling capacitor C c . Using equations (1) and (2) and setting Q i = Q e we can rewrite equation (15) as
showing the dependency of responsivity on material and design parameters in a compact way.
Appendix B. NEP from generation-recombination processes
Generation-recombination noise can be expressed as the number fluctuation of quasiparticles as
We assume the limit where the responsivity is still limited by the thermal conductivity of the membrane, i.e. N qp is represented by the equilibrium value of the membrane temperature, whence 
The change in the number of quasiparticles around P rad = 0 can be then expressed as
In the limit ω 1/τ qp this leads to noise equivalent power as limited by generation-recombination noise
where we have marked N = nV, with V denoting the volume of the inductive strip.
